Ligand-stabilized platinum nanoparticles (Pt NPs) were self-assembled with poly(isoprene-blockdimethylaminoethyl methacrylate) (PI-b-PDMAEMA) block copolymers to generate organic-inorganic hybrid materials. High loadings of NPs in hybrids were achieved through usage of N,Ndi-(2-(allyloxy)ethyl)-N-3-mercaptopropyl-N-methylammonium chloride as the ligand, which provided high solubility of NPs in various solvents as well as high affinity to PDMAEMA. From NP synthesis, existence of subnanometer Pt NPs was confirmed by high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images. Estimations of the Pt NP ligand headgroup density based on HAADF-STEM images and thermogravimetric analysis (TGA) data yielded results comparable to what has been found for alkanethiol self-assembled monolayers (SAMs) on flat Pt {111} surfaces. Changing the volume fraction of Pt NPs in block copolymer-NP composites yielded hybrids with spherical micellar, wormlike micellar, lamellar, and inverse hexagonal morphologies. Disassembly of hybrids with spherical, wormlike micellar, and lamellar morphologies generated isolated metal NP-based nanospheres, cylinders, and sheets, respectively. Results suggest the existence of powerful design criteria for the formation of metal-based nanostructures from designer blocked macromolecules.
Introduction
Block copolymer (BCP) self-assembly is considered a powerful route to achieve nanoscale (2-50 nm) materials because of its ability to form various periodic structures with tunable length scale. [1] [2] [3] BCPs have been used as structure directing agents to incorporate different loadings of functional inorganic species into select blocks of BCPs, resulting in ordered nanostructured organic-inorganic hybrid materials. [4] [5] [6] BCPs in hybrids with high inorganic loading can be removed by chemical, photochemical, and/or thermal treatments without collapse of the structures, resulting in nanoporous functional materials. This methodology has been successfully applied to various inorganic systems, such as aluminosilicates, 7 orthosilicates, 8-10 transition metal oxides 11,12 and nonoxide ceramics. 13, 14 Despite the achievements in the field, synthesizing ordered nanostructured metal hybrids and metals thereof using BCPs remains challenging due to the high surface energies of metals. To date, mainly two approaches are being utilized: the first involves in situ metal nanoparticles (NP) synthesis, where BCPs are loaded or swollen by metal precursors prior or after microphase separation, and a subsequent reducing step is applied to transform the metal precursors into metal NPs. [15] [16] [17] [18] [19] Different metals (e.g., Au, Pt, Pd, Ag) and *To whom correspondence should be addressed. E-mail address: ubw1@ cornell.edu. polymers (e.g., poly(styrene-block-acrylic acid) (PS-b-PAA), poly(styrene-block-2-vinylpyridine) (PS-b-P2VP)) have been used, proving the generality of this approach. Although in situ methods are suitable for thin film applications, loading of the metals is limited by the diffusion of the reagents when applied to bulk materials with larger thickness. The second approach involves ex situ metal NP synthesis. Preformed metal NPs are selfassembled with block copolymers where the NPs are stabilized with tailored surface ligands or functional groups which render them compatible with only one block of the block copolymer. [20] [21] [22] [23] [24] [25] [26] Extensive studies of this method have been performed in the last nearly two decades both in thin films and in the bulk. For example, Au NPs stabilized with alkanethiol groups localized at the interface between a symmetric poly(styrene-block-ethylene-co-propylene) (PS-b-PEP) have been reported by Bockstaller et al. 20 Kim et al. studied PS-coated Au NPs self-assembled with PS-b-P2VP. They found that the addition of NPs increased the effective volume fraction of the PS block and thus induced a lamellar-to-cylindrical phase transition. 21 They also studied the effect of ligand headgroup density on NPs/polymer interaction. 22, 23 Finally, more recently some of us reported the assembly of metal NPs in block copolymer brushes in which NP-BCP interactions are tuned, likewise, by ligand head density. 26 Most of the work on BCP/metal NP self-assembly has focused on the dilute nanoparticle regime, where the NPs only comprise a small volume fraction of the hybrid material. Achieving hybrid synthesis in the dense nanoparticle regime 27 where NPs comprise the majority volume fraction will provide access to nanostructured organic-metal hybrid materials, as well as to nanoporous metals. 19, 28, 29 It has been reported in several BCP/NP systems that when the volume fraction of NPs increases, controlled microphase separation of the BCP was disrupted. 30, 31 The observed macrophase separation could arise from poor particle solubility in solvents at high concentration, insufficient favorable enthalpic interactions between NPs and BCP as well as unfavorable entropic interactions. [32] [33] [34] Moreover, the small volume fraction of the core metal embedded in the corona when using polymer coated NPs leads to small metal loadings in the final material. Thus, in order to achieve BCP/metal NP hybrids with high metal loadings, the metal NPs have to be tailored to fulfill several criteria: 35, 36 1. NPs should maintain high solubility in polymercompatible solvents. 2. There should be sufficient preferential interaction of NPs with one block of the BCP. 3. NP size should be smaller than the radius of gyration of the preferential block. 4. The ligand should be short enough to ensure a reasonable core/corona volume ratio.
Fulfilling these criteria, our group recently developed novel ligand-stabilized platinum NPs which self-assembled with poly(isoprene-block-dimethylaminoethyl methacrylate) (PI-b-PDMAEMA), see Figure 1 . [35] [36] [37] The use of thiol-containing quaternary ammonium salts with ether chain ends as a ligand ensured Pt NPs' high solubility in polar solvents as well as dipole-dipole interactions with PDMAEMA. Aging of Pt NPs removed a small proportion of the ligands on the surface and greatly enhanced the morphology control in the structure formation process, possibly due to the chemisorption of amine groups that exist on each DMAEMA monomer unit to the metal surface. Inverse hexagonal and lamellar hybrid structures were obtained through this method. The ligand density on the NP surface was estimated based on average particle size as obtained from bright field transmission electron microscopy (BF-TEM) images and thermogravimetric analysis (TGA) results. In the present paper, a full account of these results is given. First, we revisit the question of the ligand density on the Pt NPs. Then, we explore the morphology space of PIb-PDMAEMA/Pt NP hybrids, revealing the accessibility of two new morphologies by varying Pt NP/PIb-PDMAEMA ratios. Finally, we discuss the preparation of shape controlled metal nano-objects by disassembly of Pt NP/block copolymer hybrid materials with varying morphologies.
Experimental Section
Materials and Instrumentation. Materials. For the block copolymer synthesis, sec-butyllithium (1.4 M in cyclohexane, Aldrich) was used as received. Isoprene (99%, Aldrich), cyclohexane (99%, J. T. Baker), tetrahydrofuran (THF) (99%, J. T. Baker), and 1, 1-diphenylethylene (97%, Aldrich) were distilled from n-butyllithium (1.6 M in hexanes, Sigma-Aldrich) prior to use. 2-(Dimethylamino)ethyl methacrylate (DMAEMA) (98%, Aldrich) was stirred over CaH 2 (90%-95%, Aldrich) overnight and distilled under vacuum. Methanolic HCl (3 N, Supelco) was degassed with a freeze-pump-thaw process three times prior to use.
For the ligand synthesis, 2-allyloxyethanol (Aldrich, 98%) was stirred over CaH 2 overnight and distilled under vacuum prior to use. 1,3-Dibromopropane (Sigma-Aldrich, 99%) was distilled under vacuum prior to use. Pyridine (Aldrich, anhydrous 99.8%), phosphorus tribromide (Aldrich, 98%), 33 wt % methylamine in ethanol (Aldrich), sodium carbonate (SigmaAldrich, 98%), methanol (J. T. Baker, anhydrous), methanol (Aldrich, anhydrous, 99.8%), sodium hydrosulfide hydrate (Aldrich), 35 wt % hydrochloric acid aqueous solution (Sigma-Aldrich), potassium hydroxide (Sigma-Aldrich, 97%), chloroform (J. T. Baker, 99%), and magnesium sulfate (SigmaAldrich, anhydrous, 99%) were used as received.
For the nanoparticle synthesis and hybrid synthesis, platinum(IV) chloride (Aldrich, 99.9%), sodium borohydride (Sigma-Aldrich, 99%), methanol (J. T. Baker, anhydrous), ethyl ether (J. T. Baker, anhydrous), and chloroform (J. T. Baker, 99%) were used as received.
Instrumentation. 1 H solution nuclear magnetic resonance ( 1 H NMR) spectra were recorded on a Varian INOVA 400 MHz spectrometer using CDCl 3 signal (δ = 7.27 ppm) as an internal standard. Small angle X-ray scattering (SAXS) data were obtained on a home-built Rigaku RU3HR Cu KR rotating anode beamline. Detailed instrumental setup is described elsewhere. 35 For transmission electron microscopy (TEM), hybrid samples were sectioned with a Leica Ultracut UCT cryo-ultramicrotome at -60°C. Sample slices were collected on a water/ dimethyl sulfoxide 60%/40% (v/v) solution surface and transferred to copper TEM grids. Pt NP TEM samples were prepared by dissolving the NPs in methanol, ultrasonicating the solution for 1 min, and dropping 5 μL of the solution to a carbonsupported copper TEM grid with a pipet. Bright field (BF-TEM) images were taken with a FEI Tecnai T12 Spirit electron microscope equipped with a SIS Megaview III CCD camera, operated at an acceleration voltage of 120 kV. High angular annular dark field scanning transmission electron microscopy (HAADF-STEM) images were taken with a FEI Tecnai F20 field emission electron microscope at an acceleration voltage of 200 kV. Thermogravimetric analysis (TGA) was performed using a TA Instruments Q500 instrument equipped with an autosampler. Measurements were taken by heating from 20 to 550°C at 10°C/min.
Material Synthesis. PI-b-PDMAEMA block copolymers were synthesized using anionic polymerization according to a method described elsewhere. 38 The ligand and Pt NP syntheses as well as NP aging were performed as described in reference 35.
Pt NP size was characterized by BF-TEM and HAADF-STEM. The composition of ligand-coated Pt NPs was characterized by TGA under flowing nitrogen. The mass fraction of ligands which was converted into residual carbon after pyrolysis in nitrogen environment was assumed to be consistent (26%) to that obtained previously. 35 Both the aged NPs and as-made NPs were found to irreversibly aggregate in methanol after extended storage in air (1 month), which could be due to the desorption (oxidation) of the ligands. Thus, all nanoparticles were used within 2 weeks after their synthesis.
Hybrid Synthesis. Mixtures of aged ligand-stabilized Pt NPs and PI-b-PDMAEMA were dissolved in 10 wt % methanol/ chloroform 1:9 (w/w) solutions and stirred for at least 1 h. The solutions were cast on 1 cm diameter aluminum Petri dishes on a hot plate at 50°C. During casting, a glass hemisphere was used to cover the hot plate and a crystallization dish (diameter 6 cm) full of chloroform was used to slow down chloroform evaporation from the methanol-chloroform mixture. The as-made films were further annealed in a vacuum oven at 110 or 130°C for at least 2 days.
Hybrid Disassembly. Hybrid samples were disassembled by putting small pieces into cyclohexane or THF (∼0.1% w/w) and stirring the solution for 4 h. For TEM investigation a drop of the resulting solution was put on a TEM copper grid and dried before imaging.
Results and Discussion 1. Nanoparticle Ligand Density. The platinum nanoparticles in this work were synthesized via one-phase reduction of metal salts in the excess environment of thiol ligand molecules, followed by the removal of excess ligand and salt. 35 After synthesis, the nanoparticles were "aged" by refluxing in water to remove some of the ligands and then were thoroughly washed. In our previous report, based on bright field transmission electron microscopy (BF-TEM) results, the number of thiol ligand molecules on one Pt NP was calculated to be 92 and 65 before and after the aging process, respectively, which corresponds to an area occupied by one thiol headgroup of 0.111 and 0.157 nm 2 , respectively. 35 In this section, we will revisit the question of the ligand density on the Pt NPs, this time based on particle size distribution data obtained from high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) image analysis.
In the work of Warren et al., we calculated the number of ligands for a Pt NP under the following assumptions: 35 
1.
All Pt NPs are assumed to have an average diameter d = 1.83 nm.
2.
Pt NPs are spherical and have the same density as bulk platinum metal. 3.
The average weight fraction of ligands on the Pt NPs can be derived from the TGA mass loss.
(38) Creutz, S.; Teyssie, P.; Jerome, R. Macromolecules 1997, 30, 5596.
4. The ligand molecular weight after particle synthesis is identical to that of the originally synthesized ligand, with the same counterion ratio between bromides and chlorides. 5. All ligand that is present is bound directly to the nanoparticle surface, which is supported by NMR analysis. 35 Here, we want to take a closer look at the first assumption. As the metal particle size decreases, the surface area to volume ratio (S/V) increases, which leads to a higher ligand content per unit mass of Pt for smaller NPs. Rather than using average values for the radius, a more accurate assumption is to linearly correlate the surface area of Pt NPs to the number of ligands. In order to obtain the surface area of Pt NPs, one needs to determine the accurate particle size distribution including subnanometer NPs, which is difficult to obtain from BF-TEM due to the lack of contrast.
39 HAADF-STEM imaging is a more effective technique for this problem since it collects electrons scattered at larger angles (>5°) and, therefore, provides high contrast images for large atomic number species.
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Figure 2 shows the HAADF-STEM images of the Pt NPs from batches that were used to form nanostructures with block copolymers. The histograms derived from these images revealed the following:
1. A large number of subnanometer NPs are distinctly visible in HAADF-STEM images, while the bright field TEM images do not provide enough contrast to show such small particles. The formation of metal nanoclusters (i.e., nanoparticles smaller than 1 nm) 41, 42 in the presence of thiols have been reported for other metals such as silver, gold, and palladium. [43] [44] [45] 2. Compared to as-made NPs (top left in Figure 2) , aged NPs (top right in Figure 2 ) have a broader size distribution toward larger particles. We note, however, that the subnanometer particles are still present in significant quantities even after the aging process. Many factors affect the area per thiol headgroup on metal surfaces, including surface curvature, existence of metal nanocrystal defects such as edges, steps, and vertices, and tail size of the ligand. 39, [47] [48] [49] [50] [51] The fact that the NP ligand density is similar to that of a simple alkanethiol on a flat Pt surface suggests that the effects from the high NP surface curvature cancels the steric effect from the large tail volume, allowing a large conical angle for the ligand molecule rotation.
2. Hybrid Morphology Exploration. We investigated PI-b-PDMAEMA/Pt NP self-assembly with two different PI-b-PDMAEMA block copolymers, referred to as MK31 (31 000 g/mol, 33 wt % PDMAEMA) and MK29 (29 000 g/mol, 17 wt % PDMAEMA). The polydispersity index (PDI) of both polymers was below 1.1 (M w /M n = 1.03 and 1.06, for MK31 and MK29, respectively, where M w is weight average molecular weight and M n is number average molecular weight).
We prepared a series of hybrid samples by varying Pt NPs/PI-b-PDMAEMA ratios. All the Pt NPs used to synthesize hybrids were aged, with ligand headgroup densities of ∼0.196 nm 2 per thiol, following the calculation discussed above. Table 1 lists the Pt NPs/PI-b-PDMAEMA ratios of The terms nanoparticle, and nanocluster are loosely defined. According to literature, 42 the term nanoparticle refers either "to all 0 D nanosized building blocks" or "amorphous or semicrystalline 0 D nanostructures with dimensions larger than 10 nm." Nanoclusters, on the other hand, refer to smaller-sized nanostructures. In this article we use the term nanoparticles for our platinum nanomaterials to maintain consistency with our previous publications. 35, 36 different hybrids and the corresponding morphologies obtained, as suggested by a combination of small-angle X-ray scattering and TEM analysis, see below. The table also includes the results of our previous report. 35 As the volume fraction of the inorganic content increases, four different morphologies were obtained as revealed by BF-TEM (see Figure 3 ): spherical micelles ( Figure 3A) , wormlike micelles ( Figure 3B ), lamellae ( Figure 3C ), and inverse hexagonal cylinders ( Figure 3D ). In the BF-TEM images, PI appears as bright domains while PDMAEMA/ Pt NPs appear dark, with contrast arising from the electron density difference between the different domains. We note that when more NPs were added to MK29 with the shorter PDMAEMA chains (5000 g/mol for MK29 versus 10 000 g/mol for MK31), macrophase separation with aggregated NPs was observed. Also, in some of the films that used MK29, occasionally NP agglomeration was observed along with microphase separated structures. All these observations suggest that MK29's PDMAEMA chains may be at the lower limit relative to the NP size necessary to observe good structure control. The radius of gyration calculated for MK31 and MK29 are 2.5 and 1.8 nm, respectively.
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Indeed, the radius of gyration of MK29 is very close to the average Pt NP size, inconsistent with criterion no. 3 in the introduction that the NP size should be smaller than the radius of gyration of the mixing block. Figure 4 shows the small-angle X-ray scattering (SAXS) patterns of annealed hybrids with the four different morphologies. Although the patterns display too few orders to unambiguously determine phases, if one assumes phases indicated by TEM (Figure 3) , the position of the first order is a consistency check of the structure. Here, the scattering vector q is defined as q = 4π sin θ/λ, where 2θ is the scattering angle and λ is the wavelength of the Cu KR X-ray beam, 1.54 Å . The term q* signifies the position of the first peak in the scattering pattern. The first Bragg reflection for the lamellar hybrid MK31-1 at 0.17 nm -1 corresponds to an interplanar spacing of 36 nm, while that for the inverse hexagonal hybrid MK31-3 at 0.21 nm -1 corresponds to an channel-tochannel spacing ((10) period in the hexagonal lattice) of 35 nm. Both spacings are consistent with the periods of the nanostructures measured from BF-TEM images. We note that in most hybrids, due to the small grain size of the nanostructures (generally smaller than a couple of micrometers, corresponding to 40-50 repeat units at most in thermally annealed films) coupled with the large X-ray attenuation from Pt, higher-order reflections were not clearly distinguished.
From both SAXS and TEM data of samples with lower NP loadings, the morphologies obtained had particularly limited long-range orders. It has to be noted that thin sections of samples for TEM ( Figure 3A and B) were sliced using cryo-ultramicrotoming at the water/DMSO eutectic temperature of -60°C, which is around the glass transition temperature (T g ) of PI (-60°C). Thus, structure deformation during (or after) microtoming cannot be excluded and is rather very likely for samples with PI majority phase. When Pt NPs/PDMAEMA domains make up the majority part of the hybrids, however, low T g PI domains are embedded within a higher T g framework (T g of PDMAEMA ∼ 20°C). No distortions are thus expected during the sample preparation process, consistent with our observations in TEM ( Figure 3C and D) .
3. Isolated Nano-objects Disassembled from Hybrids. We have shown that hybrids with inverse hexagonal morphology can be subsequently pyrolyzed followed by acid or plasma treatment to remove the block copolymer, generating a nanoporous metal 3D framework. 35 In contrast, similar heat treatments of hybrids without interconnected inorganic network structures such as lamellar and micellar films will lead to a collapse of the 3D structure. For poly(isoprene-block-ethylene oxide) (PI-b-PEO)/ aluminosilicate hybrid films with a dispersed inorganic phase, Ulrich et al. showed that isolated polymer-ceramic hybrid nano-objects with well-defined shape and size consist with inorganic/PEO cores and PI shells can be achieved through dissolution in organic solvents. 53 For the PI-b-PDMAEMA/Pt NPs system, we thus explored the formation of shape and size controlled metallic nanoobjects with Pt/PDMAEMA cores and PI shells from disassembly experiments. 34, [54] [55] [56] Indeed, by stirring hybrid films with spherical, wormlike micellar, and lamellar morphologies in cyclohexane or tetrahydrofuran for 4 h, isolated spheres, cylinders and nanosheets were obtained, respectively, as shown in Figure 5 . Figure 5A shows nanospheres obtained from micellar structures. Dissolution of wormlike micelles leads to isolated cylinders with different aspect ratios, see Figure 5B . Nanosheets were obtained from dissolution of lamellar hybrids, see Figure 5C . It should be noted that these results provide independent proof of the structure assignments that were based on SAXS and TEM results in the previous section. In analogy to what was observed for the PI-b-PEO/aluminosilicate system, the current nano-objects have a core-shell structure with a PDMAEMA/Pt NP core and PI chains as a shell, increasing the solubility and providing colloidal stability of the nano-object in organic solvents. 53 Since PI chains provide only low contrast, the TEM images only show the core of the nano-objects. High resolution images of these isolated nanostructures further confirm that the cores consist of small Pt NPs (data not shown, as is already evident from Figure 5 ).
The average size of the spheres obtained by dissolution of samples MK29-1 and MK29-2 increased from 14 to 17 nm, respectively, consistent with increasing Pt NP/BC ratios of the hybrids. Likewise, the average dimensions of the nanocylinders disassembled from hybrids MK29-3 and MK29-4 increased from 12 to 16 nm. The length of the cylinders as well as the size of the nanosheets obtained from lamellar hybrids was not very well-defined, ranging from several hundred nanometers to several micrometers. As demonstrated before for aluminosilicate cylinders, the length (size) of the nano-objects can be tailored, for example, through ultrasonication, making this a powerful tool for the formation of well-defined nano-objects. 6, 57 These nano-objects are stable in solution for at least one week both in cyclohexane and in THF (data not shown), indicating that the NPs and PDMAEMA formed an integrated composite.
Conclusion
We have successfully formed BCP/metal hybrid materials from functional ligand-stabilized Pt NPs and amphiphilic PI-b-PDMAEMA diblock copolymers, with increasing metal loadings leading to four distinct nanocomposites. The ligand functionality containing an ionic part and a hydrophilic tail with steric hindrance ensures high NP solubility in polar solvents as well as compatibility with the hydrophilic block of the BCP. The Pt NP size distribution was measured by HAADF-STEM, which enabled a more accurate estimate of the ligand headgroup density of the Pt NPs. Disassembly of hybrids without a continuous inorganic phase resulted in metallic nano-objects with core-shell architecture and well-defined shapes. By further tuning of metal NP/BCP hybrid systems through block copolymer structure/chemistry variations and/or nanoparticle compositions, other morphologies such as bi-or triply continuous structures particularly interesting for energy related applications 3, 58 as well as mixed metals based ordered nanostructures should become accessible which may exhibit novel optical, magnetic, or catalytic properties.
